Akiko SATOH, Jun-ichi UEDA and Makoto AKASHI p21/mdm2/Bax/Puma.
INTRODUCTION
Circadian rhythm is an inevitable physiological variation in studies involving living human and experimental animals, as oscillations of levels of various parameters in suprachiasmatic nuclei and peripheral tissues are synchronized with the diurnal cycle. 1) Circadian periodicities in circulation levels of proinflammatory cytokines 2) and steroid hormones 3) that influence the intercellular responses have been reported as have oscillations in the intracellular expression levels of genes for clock proteins that bind to proteins of pathways from ATM or ATR to the DNA damage-induced checkpoint. 4, 5) As for the physiological effects, modification of circadian rhythm on the effect of radiation from environment and occupation is not ignorable.
Early responses of DNA damage-induced genes are known to reflect radiation effects. Transcriptional activations of genes for p21/Waf1/CDKN1A and MDM2, proteins that trigger processes for growth arrest, and for BAX and PUMA, proteins that initiate the cascade to apoptosis, are known to be induced after DNA damage in cells possessing functional p53 protein.
6) The messages levels are frequently utilized as indicators of p53 function following DNA damage. [6] [7] [8] [9] Dose-dependent increases in mRNA levels have been reported in cultured cells: for p21 and mdm2 mRNA levels at 4 h after irradiation with 0.01 and 0.1 Gy in murine fibroblasts, 10) for p21 mRNA at 2 h after irradiation with 0.02 to 0.5 Gy in ML-1 cell lines, 11) for p21 mRNA at 2, 24, 48 or 72 h after irradiation with 0.2 to 2 Gy in cultured human peripheral blood, 12) for p21 and bax mRNA at 0.5 to 72 h after irradiation with 0.5 to 32 Gy in a lymphoblastoid cell line. 13) After whole-body irradiation of p53 wild-type mice, increase in the levels of puma and bax mRNA levels in thymic and splenic cells isolated 3 h after exposure to 0.05 to 5 Gy has been reported. 14) Similar dose-dependence of increase in p21 message levels is also reported in peripheral blood collected from patients up to 24 h after radiotherapy at 1 to 9 Gy. 15) Although it is presumed that the radiation dose-dependent increases of such indicators are modified by physiological oscillation due to circadian rhythm, the level of the modification is not well estimated.
Circadian rhythm is intrinsically included in normal individuals and it is expected that most of the relevant parameters would be modified on a physiological level. Therefore, quantitative approaches based on accurate measurement of these indicators are necessary to reveal the radiation effects. In this study, we first established an improved methodology on real-time RT-PCR that is applicable to measurement of trace amounts of RNA to quantitate p21, mdm2, bax, and puma messages with high accuracy and reproducibility. Based on the methodology, circadian transitions in levels of these biomarkers following radiation were quantitatively demonstrated.
MATERIALS AND METHODS

Cell line and irradiation
Mouse macrophage-like cell line, RAW264.7 (ATCC TIB-71, Rockville, MD, USA) was used within 10 passages from receipt. To avoid differentiation, cells cultured with Dulbecco's Modified Eagle Medium (Sigma-Aldrich Corp., St. Louis, MO, USA) with 10% fetal calf serum in nonadherent dishes (Sterilin®, Bibby Sterilin Ltd, UK) at a cellular growth rate of 3.6 to 5.8-fold-growth/24 h were used. For micronucleus test and BrdU assay, chamber slides (Nalge Nunc, NY, USA) were used. The cultured cells were set at the concentric irradiation area of an X-ray generator (TITAN, Shimadzu Corp., Japan) at a focus-sample distance of 550 mm resulting in a dose rate of 1.00 ± 0.05 Gy/min, and irradiated at 200 V at 20 mA with 0.5 mm-Cu-Al filtering. The concentric irradiation area with this dose rate was determined based on measured X-ray distribution data from the generator, and an ionization chamber for measurement of air kerma was calibrated against international standards. At the (sham-) irradiation, the intervals of time of the cells exposed to lower temperatures between 15 and 22°C were controlled within 15 min.
Quantitative analyses using RAW264.7 cells
For quantitative studies, 4 dishes per treatment group were simultaneously cultured, then they were separately prepared for quadruplicate assays. To determine the rate of apoptotic cell death, formaldehyde-fixed cells were mounted on a coated slide glass (Thermo Shandon Ltd., UK) and treated with proteinase K (0.2 mg/ml) for 5 min at 37°C. The TUNEL-positive cells were visualized using in situ apoptosis detection kit AP (Roche Applied Science, Germany), alkaline phosphatase substrate kit-I (Vector-Red, Vector Laboratories Inc., CA, USA), and methyl green. The rate of TUNEL-positive cells out of more than 2000 cells at each time point was used for the quantitative analysis. Rate for BrdU-incorporated cells in the chamber slide was determined by the use of a cell proliferation kit (GE-Healthcare UK Ltd., UK) with MOM blocking reagent (Vector Lab. Inc., CA, USA). Numbers of BrdU-positive cells in more than 1000 stained cells were counted.
For micronucleus assay, separated cells attached on a chamber slide were irradiated and cultured for 28 h in the presence of cytochalasin-B (0.001 mg/ml). To avoid passing by the micronuclei behind the nuclei, the cells were dilated by dipping in 80 mM KCl for 10 seconds before fixation and Giemsa stain. Micronucleus-positive cells in more than 2000 binuclear cells were counted.
Treatment of mice
Male C3H/He inbred mice at 6 to 7 weeks of age were obtained from Japan SLC Co., Japan. Methods for treatment of mice to keep their circadian rhythm constant and to avoid their unexpected effects such as inflammation are described elsewhere. 17) In brief, the mice were housed 5 per cage and acclimatized for 2 weeks at 23°C and 55% humidity, and with daytime lighting synthesized in the cages from 7:00 to 19:00 at 10 to 50 lx. Handling of mice were not only adhered the Guidelines for Proper Conduct of Animal Experiments (Science Council of Japan), but mice were gently handled and also protected from continuous high-frequency sound. Any group that contained a mouse with physical injury to the body or tail was not used.
Daytime and nighttime irradiation of mice were performed at 9:00 to 10:00 and 21:00 to 22:00, respectively. Under nighttime operation, the mice were handled in darkness under red-LED lamp of less than 0.2 lx. For homogenous X-irradiation of mice, less than 10 mice were set in a cylindrical irradiation container with rotation as described previously.
16) The container was put onto the concentric irradiation area of an X-ray generator (PANTAK HF-320, Shimadzu Corp., Japan) at a focus-sample distance of 700 mm at the dose rate of 0.50 ± 0.05 Gy/min.
For quantitative examination, RNA was separately prepared from 4 mice per treatment group. Approximately 0.05 ml of blood was collected from the tail vein, and then bone marrow was isolated from the femur within 10 min after sacrifice of the mice. Within 5 min after collection, the cells were lysed with RLT buffer in RNeasy Mini Kit® (Qiagen GmbH, Germany), homogenized using a 26-gauge needle, and frozen.
Quantitative operation for accurate real-time RT-PCR during RNA preparation and treatment
For RNA preparation, we used RNeasy Mini kit® with DNase I (Qiagen) to keep the same level of quality among all the RNA samples. 17, 18) All instruments for measuring volumes were adjusted to keep the deviation within 5% of the expected value. Amounts of total RNA were measured by laser scanning using a Molecular Imager® (BioRad Labs., CA, USA) with neural electrophoretic gel containing 10 to 50 ng RNA per well with purified rRNA as a standard, stained by ethidium bromide. In the case to determine reference, each sample was electrophoresed in quadruplicate and compared with a calibration curve of the standard, for accurate determination of concentration of total RNA. To synthesize cDNA samples, 300 ng ± 30 ng of total RNA was treated with 10 units of AMV reverse transcriptase (Takara Bio Inc., Japan) under the conditions recommended by the manufacturer, with replacement of the primer by an RS19-dT15 oligonucleotide of 5'-AGCACTGACCGATGTCACG-T15-3'.
17)
Standard template DNA and real-time RT-PCR
A plasmid containing all the examined sequences for the real-time RT-PCR in the molecule was constructed, linearized, and used as a standard template. A series of diluted plasmid in 1 mM dithiothreitol was used as external or internal standard among all the real-time RT-PCR, in the amounts of 20, 40, 80, or 160 zepto mole per reaction well. Quantitative measurement of real-time PCR was done using SYBR® Green PCR Master Mix, MicroAmp® Fast 96-Well Reaction Plate, and ABI Prism7500Fast® Sequence Detection System with 96-wells (Applied Biosystems Inc., CA, USA) under the standard conditions recommended by the manufacturer. Primer sets to amplify murine cDNAs used in the analysis were as follows: glycelaldehyde 3-phosphate dehydrogenase (GAPDH) set (fw = 5'-TGGCCAAGGT-CATCCATGACAAC-3, rv = 5'-TCCAGAGGGGCCATC-CACAGTCTTCTG-3'), p21 set (fw = 5'-GAGGCAGAC-CAGCCT GACA-3', rv = 5'-TCTGCGCTTGGAGTGATA-GAAAT-3'), mdm2 set (fw = 5'-AGATCCTGAGA TTTC-CTTAGCTGACT-3', rv = 5'-TCTCACGAAGGGTCCAG-CATCT-3'), puma set (fw = 5'-ACC TCAACGCGCAGTAC-GA-3', rv = 5'-TGAGGGTCGGTGTCGATGCT-3'), bax set (fw = 5'-TGCT AGCAAACTGGTGCTCAA-3', rv = 5'-AGCCCATGATGGTTCTGATCAGCT-3'). Before the use of any new production lot of synthetic primer for the analysis, preliminary real-time PCR using standard DNA as template was performed to confirm the amplification rate per cycle of Fig. 1 . Relative levels of GAPDH mRNA after irradiation in RAW264.7, blood, and marrow. a. Template cDNA corresponding to 10 ± 1 pg/well of total RNA from RAW264.7 cells after incubation at the indicated time after Xirradiation was used for measurement of GAPDH mRNA by real-time RT-PCR. Means of the message levels and the standard deviations among 4 samples obtained from cells prepared in quadruplicately are shown. b. Blood and bone marrow cells were collected at the indicated times after daytime irradiation at the indicated doses of X-ray to the whole-body of mice in quadruplicate. Real-time RT-PCR was performed using template cDNAs corresponding to 300 ± 30 pg of blood total RNA or 20 ± 2 pg of marrow total RNA per well. Means of the relative levels with standard errors among data from 4 mice are shown.
2.0 +/-0.2. When production lots of any of reagents were changed, a new calibration curve of template was obtained and the suitability judged.
Accurate quantification of RNA by real-time RT-PCR
For accurate quantification of cDNA samples in quadruplicate, we chose 96 wells of the Prism7500Fast® Sequence Detection System into approximately 18 groups consisted of 4 wells. Deviation of actual values from the expected value among the chosen wells were minimized by the grouping manner, based on the data obtained by the following procedures: After calibrating the detector and the calculator of the system in accordance with the instructions of the manufacturer, inspection measurements were performed using a reaction plate including 20 micro litter of the solution containing 80 zepto moles of the plasmid DNA, 45 pmole of primer set for GAPDH, and SYBR® Green PCR Master Mix in all 96 wells. All the data determined from logarithmic CT values were converted to real values of DNA concentration. Wells with data deviation of 20% from the average were excluded from the quantification. Finally, well-groups for quantification giving in-group standard deviations of less than 10% from the in-group average, and in-group averages less than 5% from overall average were arranged.
In the single run of real-time PCR, templates of cDNA samples (corresponding to 0.025 to 1.0 ng of total RAW264.7 RNA, 0.25 to 6.0 ng of total blood RNA, or 0.02 to 2.0 ng of total marrow RNA per well) with a standard template DNA (20 to 160 zepto mole/well) in quadruplicate wells were amplified using one of the primer sets. To obtain the relative amplification of each sample and the standard in the range from 0.5 to 2.0, initial amounts of template cDNA were changed. After the determination of CT values, the exponential values based the amplification rate of the primer set were calculated. Data from quadruplicate wells with less than 10% of in-group standard deviation from the in-group average were used to determine a relative ratio of the sample cDNA/the standard template DNA. Finally, relative ratios of an examined RNA/GAPDH RNA were calculated.
Statistics
All quantification data of mRNA levels were determined from more than 4 RNA samples separately prepared from more than 4 mice or more than 4 dishes of cultured 
RESULTS
Determination of GAPDH mRNA as endogenous reference
Quantitative data by real-time RT-PCR with low deviation can be obtained by controlling the purity and concentration of total RNA among samples during reverse-transcription. 17, 18) To minimize the divergence in amplification rate between different runs of real-time PCR, it was necessary to use a standard DNA molecule as the template in all the PCR runs. Before construction of the standard DNA, we determined a suitable RNA as a reference that keeps a constant level after irradiation, for measurements of inducible mRNA species in hemocytes. Since GAPDH mRNA is frequently used as reference to measure inducible mRNA species, we confirmed the usability of the mRNA as a reference in hemocytes as follows:
Relative ratios of GAPDH mRNA were determined by real-time RT-PCR using template cDNA corresponding to 10 ± 1 pg/well of total RNA prepared separately from 4 culture dishes of RAW264.7 cells (Fig. 1a) . The relative ratios were not affected by temporal change in temperature (15 to 25°C) during sham-irradiation (0 Gy) of at least 4 h. Although the GAPDH mRNA levels tended to decrease following irradiation, this could be used as endogenous reference to determine levels of inducible mRNA species. Similarly, the GAPDH mRNA levels in peripheral blood and bone marrow from whole-body-irradiated mice were compared (Fig. 1b) . The levels in marrow were not changed at least 4 h after irradiation at less than 3.0 Gy. In the cases of peripheral blood, the ratio of GAPDH mRNA decreased 0.75 at 4 h after exposure to 3.0 Gy X-rays. Until 4 h after the irradiation at less than 1.0 Gy, the declination was not observed. Since relative levels of the GAPDH mRNA were similar between daytime and nighttime irradiation (data not shown), we used GAPDH mRNA as a reference to compare the ratios of the relative levels of inducible mRNA and constructed a standard plasmid that contains target nucleotide sequences, for amplification in real-time PCR, of the exam- Fig. 3 . X-ray dose-dependent increase of the levels of p21, mdm2, and puma mRNAs and ratio of micronuclei-positive cells in RAW264.7. a. RNA ratios of p21/GAPDH (closed circles) and mdm2/GAPDH (open circles) at their peak levels of 2 h after exposure were plotted by dose. b. Levels of puma mRNA/GAPDH mRNA at its peak of 1 h (closed circles) and below the peak of 2 h (open circles) are shown. c. Relationship between X-ray dose and the frequency of micronucleated cells is shown. Averages are shown with standard deviation bars. ined cDNA for p21, mdm2, puma, bax and GAPDH. The linearized plasmid was used in all the quantifications by real-time RT-PCR for the calculation of relative ratios of the examined mRNAs/GAPDH mRNA in following studies.
Time-course relationships between the RNA and histochemical indicators following radiation in RAW264.7 cells
Increase in p21 and mdm2 mRNA levels is known to occur at the triggering step of growth arrest following DNA damage. The relationship between changes in these message levels and growth inhibition after exposure of 3.0 Gy X-ray was measured in RAW264.7 cells (Fig. 2a) . The ratios of BrdU-incorporated cells drastically decreased by 2 h after irradiation. Concomitantly, the message levels of both p21/ GAPDH and mdm2/GAPDH reached their peaks, suggesting that the increase in the p21 and mdm2 mRNA levels were simultaneously observed with growth arrest following DNA damage. Under the same conditions, the ratios of TUNEL-positive apoptotic cells were increased within 1 h and peaked at 4 h after the irradiation (Fig. 2b) . The RNA ratio of puma/GAPDH reached its maximal level at 1 h after irradiation, showing the accumulation of puma mRNA at the initial step of apoptosis.
Continued
X-ray dose-dependency of RNA ratios of p21, mdm2, and puma per GAPDH in RAW264.7 cells
Relationships between X-ray doses and the RNA ratios of p21, mdm2 and puma/GAPDH were examined in RAW264.7 cells. As shown in Fig. 3a , both the peak levels of the RNA ratios of p21/GAPDH and mdm2/GAPDH at 2 h after irradiation were increased in a dose-dependent manner. Similar dose-dependency was found in the peak levels (1 h) of messages for puma, as an example of an apoptosis-related gene (Fig. 3b) . The results showed that the levels of cellular damage by X-ray at 1.0 Gy or below were reflected to these mRNA ratios until 2 h after irradiation. These values of relative RNA ratio were kept among separate experiments, showing high reproducibility of the quantification method. Additionally, the RNA ratio of p21/GAPDH drastically increased at the doses less than 0.5 Gy. Figure 3c shows the dose-dependent increase curve of micronucleus formation ratio, another indicator for nuclear damage, giving larger inclination in doses from 1.0 to 3.0 Gy as compared with less than 1.0 Gy.
Time-course change in the levels of RNA ratios of p21, mdm2, bax, and puma in the blood-related cells from irradiated mice
Based on the data obtained from mouse macrophage cell line mentioned above, the RNA ratios in blood and bone marrow from whole-body-irradiated mice at a dose of 0.5 Gy were quantified. As shown in Fig. 4a , drastic increases in p21 mRNA level reaching peaks at 4 h after irradiation were observed in blood and marrow cells. In the case of mdm2 mRNA, significant increase was found only in blood at 4 h after irradiation, because the induction levels were weak under that condition (Fig. 4b) . Bax message levels also increased with the peak at 4 h after irradiation in blood and less sensitive in marrow (Fig. 4c) . As with RAW264.7, mRNA for puma also increased earlier than p21, mdm2 and bax in blood and marrow (Fig. 4d) . Since the puma message levels were kept 4 h after irradiation, blood and marrow specimens at 4 h after irradiation could be used to examine these RNA indicators. The increased levels of these RNA ratios were closely similar among mice of different production lots (data not shown).
X-ray dose-dependency of RNA ratios of p21, mdm2, bax, and puma per GAPDH in blood and marrow from irradiated mice
Since the obvious dose-dependent increases in the RNA ratios were observed up to 1.0 Gy with low standard error in RAW264.7 cells, the RNA rates of p21, mdm2, bax and puma/GAPDH in blood and marrow cells from mice irradiated at various doses of X-ray were quantified. When mice were irradiated at daytime, drastic increases with dosedependency in the messages for p21, bax, and puma in blood were observed (Fig. 5a, e and g, respectively) . In marrow cells from daytime-irradiated mice, dose-dependent increases in p21, bax, and puma mRNA (Fig. 5b, f and g, respectively) were observed, but the responsiveness was lower as compared with blood. In the case of mdm2 mRNA, the induction levels were low in blood (Fig. 5c ) and were not significant in marrow (Fig. 5d) .
Diurnal variation in the dose-dependent curve of RNA rates in blood and marrow from irradiated mice
When the mice were irradiated at nighttime, different responses were found in the dose-dependent increases in p21, mdm2, bax, and puma messages. Before irradiation, there were no distinct differences in levels of blood and marrow between day and night. As compared to daytime irradiation, the slopes of the dose-dependent increase curves in blood of p21, mdm2, bax, and puma messages (Fig. 5a,  c, e and g, respectively) were lower. The relative decrease rates of nighttime-irradiation per daytime in p21, mdm2, bax, and puma at 0.5 Gy were 44 ± 1%, 29 ± 1%, 44 ± 2%, and 55 ± 1%, respectively. In marrow cells, in contrast to the blood, enhanced message levels of p21 (Fig. 5b) and mdm2 (Fig. 5d) by nighttime irradiation were observed, suggesting that response against radiation increased at nighttime. No significant difference was observed in the dose-dependent curves of bax and puma messages in marrow between daytime and nighttime irradiation ( Fig. 5f and h ).
DISCUSSION
In this study, we aimed to elicit the alteration of DNA damage-induced response by circadian rhythm, which inevitably occurs when studying individuals, in isolated cells from irradiated mice. Since the extent of the modification within physiological levels was presumed, at first we improved real-time RT-PCR for accurate and reproducible quantification of levels of mRNAs for p21, mdm2, bax, and puma.
We have previously reported that the homogeneity of purity among RNA samples and control of the in vitro reverse-transcription are necessary to minimize deviations during real-time PCR. 17, 18) For the RNA quantification, the following modifications and validations were performed. As intracellular standard, mRNA for housekeeping gene GAP-DH is frequently used in various types of cells, [19] [20] [21] [22] except in hepatitis virus B related hepatic cell line 23) and cartilage cells. 24) To examine appropriateness of using GAPDH mRNA for quantification of damage-induced genes in hematopoietic cells, the levels of GAPDH mRNA were determined by real-time RT-PCR, and relative ratio per total RNA were calculated in X-irradiated RAW264.7 cells and in blood and marrow from X-irradiated mice (Fig. 1) . The effect of irradiation was not observed in the RNA levels until 2 h after 3.0 Gy and less of X-ray in RAW264.7 cells. Similarly, GAPDH mRNA could also be used as endogenous standard, until 4 h after 1.0 Gy and less in blood and 3.0 Gy and less in marrow following whole-body X-irradiation. Based on the data, a standard template plasmid that contained all the target nucleotide sequences was constructed and used in all the further runs of real-time RT-PCR as a standard of amplification. Using RAW264.7 cells as a model, the appropriateness of the quantification methods detailed in the Materials and Methods were confirmed. Time-course experiment showed that the RNA ratios of p21/GAPDH and mdm2/GAPDH could be used as an indicator for growth inhibition and the RNA ratio of puma/GAPDH reflected an early event of apoptosis (Fig. 2 ) in RAW264.7 cells. The peak levels of these indicators showed closed relationship with the radiation dose and were particularly suitable for use in biodosimetry in the X-ray range from 0.1 to 1.0 Gy, in reference to a micronucleus generation frequency showing excellent relation from 1 to 3 Gy (Fig. 3) .
The improved quantification method was used to measure the response level in blood and bone marrow collected from irradiated mice between in daytime between 02:00 and 03:00. Peak levels of p21, mdm2, and bax were detected in the specimen isolated 4 h after irradiation, although the peak of puma mRNA appeared earlier than the others (Fig. 4) . These RNA levels in both blood and marrow showed closed radiation-dose dependency at 4 h (Fig. 5, circles) .
To demonstrate the difference of the levels by circadian rhythm, mice were irradiated at nighttime from 02:00 to 03:00, then the blood and marrow were collected after 4 h (triangles in Fig. 5 ). For the RNA ratios of p21/GAPDH, mdm2/GAPDH, bax/GAPDH and puma/GAPDH in blood, the dose-dependent curves of nighttime irradiation showed decreases in their slopes to at approximately half level as compared to daytime irradiation. In marrow cells, the increased levels of p21 and mdm2 at nighttime were lower than those in daytime. No significant differences between daytime and nighttime irradiation were found in bax or puma messages.
Although the mechanisms causing the differences between daytime and nighttime are not clear at present, it is speculated that these differences are caused by an oscillation in the levels of clock gene products reported in suprachiasmatic nuclei 25) and peripheral tissue. 26) Per-1 protein, one of the clock gene products, is known to provoke p53 to trigger growth arrest 4, 5, 27) via interaction with ATM 28) and ATR. 29) If an oscillation with daytime increase and nighttime attenuation in the level of Per-1-like protein also occurs in murine peripheral blood cells, transcriptional levels of p53-responsive genes such as p21 and mdm2 in daytime may be enhanced. In rat lymphocyte, several genes showing this oscillation in the message levels have been suspected to be clock gene candidates. 30) The results also suggest that the careful interpretation is necessary for the quantitative studies using specimens from experimental animals or human. Additionally, in qualitative analyses, radiation-responsive induction at low levels may disappear under the diurnal cycle, as shown in the RNA rates of mdm2/GAPDH in blood and marrow (Fig. 5) . From a viewpoint of biodosimetry using RNA in specimens from individuals, [31] [32] [33] choices of tissues and genes that are not affected by circadian rhythm, such as bax and puma in marrow ( Fig. 5f and 5h ), or development of procedures to offset the rhythm may be useful.
Diurnal variation is found not only in clock gene expression but also included in the levels of hormones 2) or proinflammatory cytokines 3) known as mediators for stimulation of the intracellular signal transduction. Population changes in hemocytes in peripheral blood, such as the ratio of myeloid/lymphoid and their differentiation levels, also can potentially be caused by the circadian difference. At present, whether the elevations of the levels of the messages are directly related to the activity of their proteins is not obvious. Therefore, the contribution of difference in the mRNA levels between daytime and nighttime to cellular damage is obscure. However, these high-sensitive and quantitative indicator shown in this paper can be used as a valuable tool on future investigations of early mechanisms after DNA-damage.
